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Surgical repair of thoracoabdominal aortic
aneurysms may be complicated by paraplegia in as
many as 30% of patients, depending on the extent of
aorta involved, presence of dissection or rupture,
hypotension, and cross-clamp time.1-4 This compli-
cation has been attributed to temporary or perma-
nent ischemia of the spinal cord caused by interrup-
tion of blood flow during aortic cross-clamping.
Although neurologic deficits most frequently mani-
fest directly after the operation, delayed-onset para-
plegia may occur as long as 7 days after operation.
Evidently, long-standing ischemia during aortic
clamping as well as failure to restore flow to the
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spinal cord will lead to infarction and irreversible
neurologic deficits. Additional damage to the spinal
cord may occur during the period of reperfusion.
This reperfusion injury has been primarily attributed
to biochemical causes such as oxygen free radicals,
leukocytes, or other inflammatory mediators.5
An alternative, biophysical mechanism has been
introduced recently that postulates that widening of
the microvascular endothelial cell junctions allows
escape of intravascular fluids, including serum albu-
min, a 69,000 d macromolecule, into the intersti-
tium.6,7 These hydrophilic macromolecules promote
osmotic diffusion of water and electrolytes, resulting
in tissue swelling and further microvascular ischemia.
In several recent studies, the incidence of capil-
lary leak syndrome after ischemia and reperfusion of
myocardium and skeletal muscle was found to be
markedly reduced with the infusion of fractionated
solutions of medium molecular weight, 100 to 1000
kd, macromolecules (HES-Pz) that may act by a
sealing process of endothelial cell gap junctions.8-10
In previous work,11 a predictable pattern of neu-
rologic deficits after infrarenal aortic cross-clamping
in the rabbit has been described, and further investi-
gations have documented the sensitivity of this
model in testing the effect of therapeutic interven-
tions that may protect the ischemic spinal cord.12
Staining with 2,3,5-triphenyltetrazolium chloride
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Fig. 1. Histologic appearance of sections of lumbar spinal cord (original magnification, ´20).
Hematoxylin and eosin staining. Left, NS-treated animal (group 1): destruction of anterior
motor horn cells, nuclear disintegration, perikaryal swelling, and infarction. Right, HES-
Pz–treated animal: normal appearance.
Table I. Neurologic function graded with Tarlov scale 5 hours after aortic clamping
Tarlov grade Group I (saline solution) Group II (Hespan) Group III (HES-Pz)
0 2 2 0
I 0 0 1
II 0 0 0
III 1 4 3
IV 7 4 6
Total 10 10 10
(TTC) has been shown to be a reliable method for
the detection and quantification of infarction in the
central nervous system.13 Evans blue (EB), a diazo
dye that binds quantitatively to albumin, has been
used as a marker of leakage of albumin molecules
through the injured capillary wall.14
The aim of the present study was to examine
whether perioperative infusion with the medium
molecular weight fraction of pentastarch (HES-Pz)
may affect capillary leak and reduce the incidence of
spinal cord infarction and paraplegia after aortic
clamping and reperfusion in a rabbit model.
METHODS
Thirty New Zealand White rabbits (2.0 to 3.5 kg)
were premedicated with atropine sulfate (0.005
mg/kg, administered subcutaneously) and anes-
thetized with intramuscular ketamine hydrochloride
(40 mg/kg) and xylazine (10 mg/kg). Intermittent
intravenous readministration of one-quarter doses of
the anesthetic agents was rendered to maintain an
adequate level of anesthesia and prevent the need for
endotracheal intubation and mechanical ventilation.
The fur on the flank was clipped with electrical shears,
and the skin was prepared with Betadine solution.
With the animal positioned on its right side, a vertical
flank incision approximately 4 cm long was made to
allow retroperitoneal dissection and exposure of the
infrarenal aorta. A circumaortic occlusion device con-
sisting of PE-50 tubing (Clay Adams, Parsippany,
N.J.), a segment of 18F catheter, and a button was
loosely placed just below the renal arteries. The tub-
ing was tunneled and secured into a subcutaneous
pocket for later access. The wounds were closed in
layers, and the animals were allowed to recover.
Forty-eight hours later, two leads of a neurosen-
sory stimulation unit were attached by atraumatic
alligator clips to the skin of the left hindlimb, and
the animal was stimulated every 5 seconds with the
lowest voltage required to assess motor function.
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Fig. 2. Similar sections as in Fig. 1. TTC staining. Left, Hespan-treated animal (group 2):
infarcted areas lack red staining. Right, HES-Pz–treated animal: minimal infarction.
Fig. 3. Percentage of area of total gray matter that showed
infarction by TTC staining.
The ends of the occlusion device were retrieved by
removing the stitch over the subcutaneous pocket.
Infrarenal aortic occlusion was achieved by tighten-
ing the occlusion device, with the rabbit in an alert
and awake state, for a duration of 21 minutes.
Immediately after unclamping, animals received
an intravenous infusion of 4% of their estimated
blood volume of one of the following solutions: NS
(group 1); 6% standard hydroxyethyl starch, molec-
ular weight 10 to 2000 kd (group 2); and 6% HES-
Pz, molecular weight 100 to 1000 kd (Pentastarch
10%, DuPont Critical Care, McGaw, Ill.; group 3).
The HES-Pz solution was prepared by fractionation
of a commercially available solution labeled as low
molecular weight pentastarch or Pentafraction (mo-
lecular weight 10 to 1000 kd; DuPont, Wilmington,
Del.). The Pentafraction solution was filtered
through diflo-ultrafiltration membranes (XM 300,
Amicon Division, W.R. Grace and Co., Danvers,
Mass.) at 55 psi of nitrogen gas pressure in a stirrer
chamber (Amicon 8200). The retentate (HES-Pz)
was kept sterile and refrigerated and was brought to
room temperature before injection. Because
Pentafraction is a polydispersed colloid and the accu-
racy of separation techniques is limited, sharp molec-
ular cutoff points only provide an estimate of the
predominant size of macromolecules within the
HES-Pz preparation. High-performance size exclu-
sion chromatographic evaluation of HES-Pz sam-
ples, however, demonstrated that 80% of the mole-
cules in the solution were within 29,000 and
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Fig. 4. EB-stained sections of lumbar spinal cord of control animals. Uptake in anterior motor
horn cells and interstitium. In HES-Pz–treated animals, no staining was appreciable with light
microscopy.
Fig. 5. Photospectrometric analysis of EB uptake in spinal
cord specimens in g/ml.
871,000 d. The mean molecular weight was
247,000 d, with 66% of the molecules having a mo-
lecular weight greater than 100,000 d.
Neurologic recovery was graded by an indepen-
dent observer, using a modified Tarlov scale15: grade
0, no movement of the lower limbs; grade 1, mini-
mal movement; grade 2, good movement but
unable to stand; grade 3, able to stand and walk but
unable to hop normally; grade 4, normal recovery.
Animals graded as 0, 1, or 2 were considered para-
plegic, whereas grades 3 and 4 were grouped as nor-
mal. Final neurologic recovery was characterized as
acute paraplegia, delayed-onset paraplegia, or nor-
mal. Five days after clamping, or at time of acute
permanent paraplegia, animals were killed with an
overdose of pentobarbital (65 mg/kg), and the
spinal cord was harvested for hematoxylin-eosin and
TTC staining.
TTC staining was accomplished by immersion of
sections of the lumbosacral portion of the spinal
cords within 3 minutes of death in a 2% solution of
TTC in normal saline solution at 37° C for 30 min-
utes. Sections were then fixed in 10% phosphate-
buffered formalin for photography and hematoxylin
and eosin staining. The rostral surface of the TTC-
stained sections was photographed using color slide
film (Ektachrome, tungsten 160 ASA). Projection
tracings of the TTC-stained sections were made by
an independent observer, and the area of infarction
was determined by computer image analysis.
To determine the degree of microvascular per-
meability, three additional groups of five animals
received infusions of 0.9% NS, 6% hydroxyethyl
starch, and 6% HES-Pz, respectively, immediately
after 21 minutes of aortic cross-clamping.
Subsequently, all three groups were given a solution
of 3% EB (1 ml/kg by intravenous injection) that
had been titrated to physiologic pH with sodium
hydroxide before infusion. Four hours after the infu-
sion of EB, animals were killed as described above.
The descending aorta was cross-clamped and the EB
cleared from the vascular space by aortic infusion of
0.9% saline solution at 37° C (100 ml). Spinal cords
were harvested, and a total of six 3 mm sections
were taken from each cord at 3, 6, and 9 mm from
the inferior pole. Color photographs were taken of
the rostral surfaces at ´20 magnification. Sections
were placed in a test tube containing 1 ml of pure
formamide reagent (Fisher Scientific) and were incu-
bated for 72 hours in the dark. The optical density
of the EB/formamide diluent was determined using
computerized spectrophotometry (Beckman, model
8451A) at an absorbance wavelength of 620 nm, by
reference to a regression curve derived from
EB/formamide standards.
In all animals, the abdominal aorta and its large
branches were examined for the presence of throm-
bus. The study protocol was approved by the
Institutional Review Board, and all experiments were
conducted in compliance with the “Principles of
Laboratory Animal Care” (formulated by the
National Society for Medical Research) and the Guide
for Care and Use of Laboratory Animals, Institute of
Laboratory Animal Resources, Commission on Life
Sciences, National Research Council (Washington:
National Academy Press, 1996).
All values are expressed as mean ± standard error
of the mean. Paired and unpaired data were analyzed
by Student’s t test and Fisher’s exact test, respectively.
EB extravasation and TTC staining results were com-
pared between groups using a Kruskal-Wallis non-
parametric analysis of variance. Statistical significance
was accepted when the value of p was less than 0.05.
RESULTS
Occlusion of the infrarenal aorta in the awake
rabbit caused complete, flaccid paraplegia within 30
± 16 seconds, without a significant difference
between groups. All animals demonstrated loss of
urinary continence during the period of aortic
clamping. None of the animals showed physical
signs of discomfort or pain. After restitution of aor-
tic flow, 80% of both group 1 (NS) and group 2
(hydroxyethyl starch) regained motor function with-
in 143 ± 41 minutes of reperfusion time. Two ani-
mals in each group never regained motor function.
JOURNAL OF VASCULAR SURGERY
Volume 27, Number 1 Wisselink et al. 113
Table II. Neurologic function graded with Tarlov scale 120 hours after aortic clamping
Tarlov grade Group I (saline solution) Group II (Hespan) Group III (HES-Pz)
0 3 5 1
I 6 3 0
II 0 0 0
III 0 0 2
IV 1 2 7
Total 10 10 10
In group 3 (HES-Pz), 90% of animals regained
motor function within 129 ± 31 minutes of reperfu-
sion (Table I; p = NS). On follow-up neurologic
examinations, 88% of group 1 and 75% of group 2
animals that initially had recovered began to deteri-
orate, starting 12 to 24 hours after unclamping, and
progressed to complete (delayed-onset) paraplegia
within the ensuing 2 days, whereas motor function
in all of the initially recovered animals in group 3
remained normal (p < 0.01). Final paraplegia rates
were 90% (group 1), 80% (group 2), and 10%
(group 3), respectively (p < 0.01; Table II). At the
time of death, none of the animals showed macro-
scopic or microscopic signs of thrombosis in either
the aorta, its major branches, or the microcirculation
of the spinal cord.
Microscopic evidence of spinal cord injury in
hematoxylin and eosin–stained specimens correlated
with clinical outcome in all groups. Nuclear disinte-
gration, neutrophil infiltration, perikaryal swelling,
and areas of infarction were seen in the lower lum-
bar sections of the spinal cords of all paraplegic ani-
mals, whereas microscopic appearance in the neuro-
logically intact animals was normal (Fig. 1).
Staining with TTC, likewise, correlated with
clinical findings, with the exception that even in
completely recovered animals (Tarlov IV) small areas
of infarction were seen (Fig. 2). For groups 1 and 2,
the sizes of the area of infarction were 62% ± 12%
and 67% ± 18%, respectively, whereas for group 3,
12% ± 5% of the total area of gray matter was infarct-
ed (p < 0.05; Fig. 3).
Light microscopic viewing of the rostral surface
of EB-treated specimens showed various degrees of
blue discoloration of the parenchyma of all animals
in groups 1 and 2 (Fig. 4). At higher magnification,
distinct blue staining of anterior motor horn cellular
matrix was seen in all specimens of groups 1 and 2.
In HES-Pz–treated animals, no interstitial or cellular
uptake of the dye could be appreciated using stan-
dard microscopy. On photospectrometric analysis,
the amounts of EB-uptake were 2.64 ± 1.65 g/ml
and 2.32 ± 1.16 g/ml for groups 1 and 2, respec-
tively (p = NS), and 0.82 ± 0.26 g/ml for group 3
(p < 0.02; Fig. 5).
DISCUSSION
In this study, infusion with the medium-weight
macromolecules of HES-Pz reduced the incidence
of paraplegia after ischemia-reperfusion of the rabbit
spinal cord. Microvascular permeability after reper-
fusion of oxygen-deprived spinal cord was markedly
reduced in HES-Pz–treated animals, whereas treat-
ment with unfractionated Hespan and NS affected
neither paraplegia rate nor vascular permeability.
The possible role of postischemic reperfusion
injury in the pathogenesis of paraplegia after thora-
coabdominal aneurysm repair has been the subject
of an increasing number of reports.16-18 The best-
understood mediators of reperfusion injury are toxic
metabolites of molecular oxygen, which represent
intermediate states of its electrochemical reduction to
water. These intermediates, including the superoxide
anion, hydrogen peroxide, and the hydroxyl radical,
are highly reactive and can cause changes in adjacent
molecules, resulting in severe tissue injury. An impor-
tant example is lipid peroxidation resulting in disrup-
tion of cell membranes. Other causative factors in
reperfusion injury include vasospasm from release of
thromboxane or leukotrienes and direct cytotoxic
destruction by leukocytes and macrophages. The
interaction of leukocytes with the microvascular
endothelium may amplify the injury response by cre-
ating an isolated microenvironment on the endothe-
lium surface that is inaccessible to antioxidants and
proteolytic enzymes. The leukocyte–endothelial cell
interaction may also produce occlusion of the capil-
laries and increase resistance to flow in postcapillary
venules.
Although most of the research in this area has
been focused primarily on the biochemical proper-
ties of the cell and its membrane, this study is cen-
tered on a biophysical explanation for reperfusion
injury to the spinal cord. Capillary endothelial cells
selectively control molecular movement across the
blood-brain barrier, with the tight junctions of
endothelial cells forming a barrier to polar solutes
and proteins. Moreover, endothelial cells in the cen-
tral nervous system contain fewer pinocytotic vesi-
cles and fenestrae for transcellular vesicular transport
than those in other organ systems.19 However, tem-
porary spinal ischemia has been shown to cause a
loss of this protective barrier and lead to a character-
istic time course of edema formation. Early (min-
utes) in this time line, cytotoxic injury results in
transmembrane ionic gradients and cellular swelling
(cytotoxic edema). Vasogenic edema develops later,
is caused by blood-brain barrier disruption, and
involves a transvascular leak of serum proteins into
the interstitium. In the event of reperfusion, there is
an immediate and even more profound opening of
the blood-brain barrier with substantial vasogenic
edema.6 Ultrastructural studies have suggested that
this ischemia induced hyperpermeability is a result of
selectively contracting endothelial cells, primarily in
the 10 to 50 mm diameter postcapillary (pericytic)
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venules, which induces gaps between the cells.6,19,20
These endothelial junctional separations vary from
organ to organ, with the tight blood-brain barrier
interface constituting one end of the spectrum and
the sinusoids of liver the other. Metabolically, third
space accumulation of proteins and water may
impair the diffusion of oxygen and energy substrates
to the cells and the removal of carbon dioxide and
organic acids from the cells. Mechanically, third
space accumulation leads to a vicious cycle of
increased tissue pressure caused by a collapse of lym-
phatics, increasing venous pressure and finally
decreased arteriolar circulation. The combination of
metabolic and mechanical changes eventually may
progress to gross tissue edema and necrosis. In the
spinal cord in particular, the deleterious effects of
tissue swelling are compounded by spatial restric-
tions of the dural sac, leading to an increase in spinal
fluid pressure and a resultant compartment syn-
drome.21
The working hypothesis that synthetic macro-
molecules may modify endothelial cell junctions and
permeability of the capillary basement membrane is
supported by a number of reports of experimenta-
tion in jejunum, cremasteric muscle, and myocardi-
um.8 Hespan, a synthetic polydispersed starch with a
hydroxyethyl group substitution rate of 0.7, con-
tains macromolecules with a wide range of molecu-
lar weights, varying between 30 and 2400 kd. In
contrast, HES-Pz, an ultrafiltrate of hydroxyethyl
starch, contains predominantly the fractions
between 100 and 1000 kd. Zikria and colleagues8,10
have demonstrated that specifically the 100 to 1000
kd fractions were effective in reducing capillary leak
in a myocardial reperfusion model. Schell and
coworkers20 found a significant reduction in brain
edema after 180 minutes of middle cerebral artery
occlusion in the rat model, if animals were treated
with medium-weight macromolecule fractions.
Our finding that infusion with HES-Pz signifi-
cantly reduced extravasation of EB and correlated
with a decreased incidence of paraplegia supports
the hypothesis that altered microvascular permeabil-
ity plays a role in the pathogenesis of spinal cord
reperfusion injury, possibly via a direct effect on the
endothelial cell junctions. The relatively high inci-
dence of delayed-onset paraplegia in this study, com-
pared with the generally more acute postoperative
paraplegia in human beings, is a predictable and
constant finding in the rabbit model when ischemia
time is limited to 21 minutes and reperfusion is
assured. Clinically, the onset of postoperative para-
plegia is less predictable and may be a result of mul-
tiple causes, such as perioperative hypotension,
spinal artery thrombosis, prolonged cord ischemia,
or even complete lack of reperfusion. Interestingly,
not only was postischemic accumulation of EB seen
in the interstitium, also intracellular buildup of the
indicator dye was found, particularly in the large
anterior motor horn cells. Both intercellular and
intracellular staining were prevented by HES-Pz
infusion, indicating protective effects at both the
capillary membrane and the neuronal cell wall level.
The proposed mechanism of action of HES-Pz,
mechanical sealing of membrane gaps, was not
unequivocally proven in this study. Alternative expla-
nations for the observed effects of HES-Pz include a
primary osmotic mechanism, rheologic alterations,
or modification of the process of transcytosis via
pinocytotic vesicles. In addition, infusion with
macromolecular solutions causes hemodilution,
which alone has been shown to increase cerebral
blood flow, preserve cellular ionic homeostasis, and
reduce cerebral injury. In our study, however, equal
amounts of Hespan, which are known to cause near
identical changes in osmolarity, hematocrit, and cap-
illary flow, did not significantly reduce postischemic
edema and infarction, rendering osmotic or flow-
related explanations less likely. If, however, our
premise that medium molecular weight fractions of
macromolecules seal capillary leak is valid, some
benefit of Hespan would be anticipated because it
contains a small fraction of these molecules. The
absence of any beneficial effect from the standard
hetastarch solution in this study, however, is consis-
tent with earlier reports in other organ systems. A
conceivable explanation is that the potential positive
effect of the small fraction of effective-range molec-
ular weight molecules contained within the Hespan
solution is negated by deleterious effects of the more
abundant fractions of smaller and larger molecules.
The low molecular weight molecules may potentiate
third space accumulation of fluid, whereas the large
molecules are believed to physically interfere with
the sealing process. These assumptions, however,
need to be validated in additional studies using sep-
arate infusions of both these extremes of the molec-
ular weight range. Electron microscopic studies are
needed to further differentiate between intercellular
and transcellular routes of edema formation and to
examine whether these molecules truly mechanically
seal membrane gaps.
CONCLUSION
We evaluated the effects of HES-Pz on neuro-
logic function and microvascular permeability after
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temporary spinal cord ischemia. Paraplegia,
microvascular permeability, neuron cellular mem-
brane permeability, and spinal cord infarction were
reduced in HES-Pz–medicated animals compared
with those treated with Hespan or NS.
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